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ABSTRACT
Lifetimes of protoplanetary disks (PPDs) are believed to be severely constrained by material depleting
mechanisms, including photoevaporative winds due to the host star radiation or external radiation
sources. Most previous studies focused on exploring the role of the winds in the exposed PPDs with
a single star; however, exploring the evolution of the circumbinary disks with the photoevaporative
winds driven by the host star radiation and external radiation sources deserves further investigation.
In this study, we investigate the evolution of the circumbinary PPDs with the photoevaporative winds
induced by external far ultraviolet (FUV) radiation field. We show that this mass-loss process can
significantly constrain properties of a circumbinary PPD, including its lifetime, mass and radius. The
lifetime of a circumbinary PPD, for instance, is found by a factor of about two longer than a similar
circumstellar disk and this enhancement strongly depends on the viscosity parameter. But our model
shows that viscosity dependence of the disk lifetime in the circumbinary case is more pronounced
compared to the circumstellar case. We also show that dispersal of a circumbinary PPD occurs over
a longer time as the disk temperature distribution becomes steeper. Our results also imply that dead
zone in a photoevaporative circumbinary PPD extends over a larger radial range in comparison to a
circumstellar disk counterpart. We also show that our calculations are in agreement with the observed
circumbinary PPDs orbiting equal-mass binaries.
Keywords: accretion – accretion disks – planetary systems: protoplanetary disks
1. INTRODUCTION
Since planet formation time-scale should not exceed
lifetimes of the protoplanetary disks (PPDs), constrain-
ing their lifetime plays an essential role in the current
theories of planet formation (for recent reviews, e.g.,
Armitage 2011; Ercolano & Pascucci 2017). Magneti-
cally driven winds (Blandford & Payne 1982) or pho-
toevaporative mechanisms (e.g., Alexander et al. 2006;
Gorti et al. 2009) and mass accretion onto the central
star or already formed planets are efficient mass deple-
tion processes that will eventually lead to a PPD dis-
persal. The relative importance of these mass-loss pro-
cesses, however, strongly depends upon the PPDs phys-
ical properties. While magnetized winds are known to
be effective in extraction of mass angular momentum
(Bai et al. 2016; Wang & Goodman 2017), photoevapo-
ration due to the radiation field of the central star (e.g.,
Alexander et al. 2006; Gorti et al. 2009) or its ambient
stars are efficient in mass removal (Anderson et al. 2013).
the typical lifetime of a PPD is estimated to be less
than 10 Myr (Kraus et al. 2012; Anderson et al. 2013;
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Kimura et al. 2016; Li & Sui 2017). Furthermore, prop-
erties of the molecular cloud cores within which PPDs
are thought to be formed can dramatically affect the
structure and evolution of the PPDs (Li & Xiao 2016;
Xiao & Chang 2018).
The mass-loss rate driven by radiation field of the host
star or external sources, as evaporative agents in the
disk erosion, is a key quantity in constructing disk mod-
els with the photoevaporative winds. Primary focus of
most previous studies was to elaborate role of the inter-
nal radiation sources, including X-ray (e.g., Owen et al.
2010a, 2011a) and UV-radiation (e.g., Alexander et al.
2006) in dispersal of the isolated PPDs. But PPDs resid-
ing in populated regions that contain OB stars are also
exposed to their ambient radiation field (Clarke 2007;
Anderson et al. 2013). Anderson et al. (2013) (hereafter;
AAC2013) studied evolution of a viscous disk with the
photoevaporation due to far ultraviolet (FUV) radiation
flux from external stars using existing photoevaporative
models (Adams et al. 2004). In order to explore the rel-
ative importance of the internal and externals radiation
fields in disk erosion, they also considered X-ray photo-
evaporation due to the host star and found that exter-
nal sources are dominant in the dispersal of a PPD with
2a solar-mass host star. A PPD lifetime, its mass and
radius, therefore, were constrained severely due to the
external FUV radiation field (AAC2013).
Following recent discoveries of the circumbinary plan-
ets (Doyle et al. 2011; Orosz et al. 2012; Schwamb et al.
2013), there is a growing interest to understand the evo-
lution of the circumbinary PPDs. Following the stan-
dard disc model (Shakura & Sunyaev 1973), various cir-
cumbinary disk models that incorporate binary torque
have been developed in recent years (e.g., Liu & Shapiro
2010; Kocsis et al. 2012; Martin et al. 2013; Rafikov
2013). Numerical models are also used to explore cir-
cumbinary disk evolution and the binary-disk interac-
tions (e.g., Yu 2002; MacFadyen & Milosavljevic´ 2008;
Roedig et al. 2012; Ragusa et al. 2016; Miranda et al.
2017; Tang et al. 2017). Exploring disks around indi-
vidual components of a binary system is another line of
research. Rosotti & Clarke (2018), for instance, studied
the evolution of the discs around components of a bi-
nary system with photoevaporation by X-rays from the
respective star.
Although many authors have studied the structure of
circumbinary disks by performing numerical simulations,
presenting analytical models are still useful due to sim-
plicity in interpreting results. These analytical models
constructed based on the standard accretion disk model
(Shakura & Sunyaev 1973) with a parameterization of
the binary torque and the associated heating term (e.g.,
Liu & Shapiro 2010; Kocsis et al. 2012; Rafikov 2013;
Shadmehri & Khajenabi 2015; Vartanyan et al. 2016).
Note that some of these models intended to be used
for studying disks orbiting supermassive binary black
holes (Liu & Shapiro 2010; Kocsis et al. 2012; Rafikov
2013). In the context of circumbinary PPDs, just re-
cently, (Vartanyan et al. 2016, hereafter; VGR2016) de-
veloped a disk model without winds to explore its steady-
state structure and evolution via analytical and numeri-
cal solutions. Their analysis showed that binary torque
in the innermost region has a profound effect on the en-
tire disk structure. They showed a circumbinary disk
evolves with a significantly reduced accretion rate in its
inner edge in comparison to a similar disk with a sin-
gle star. A circumbinary disk, therefore, evolves on a
longer time-scale in comparison to a circumstellar disk
counterpart.
In the light of this finding and prominent role of the
photoevaporative winds in shortening a disk lifetime, it
is worthwhile exploring the structure of a circumbinary
disk in the presence of this mass-loss process. This prob-
lem has been addressed by Alexander (2012) who studied
the evolution of a circumbinary disk with photoevapora-
tive winds due to the radiation field of the host star.
Alexander (2012) found that a photoevaporative cir-
cumbinary disk evolves with a larger surface density com-
paring to a disk counterpart with a single star. Alexander
(2012) primarily studied role of the internal radiation
field due to the host star in erosion of the circumbinary
disks, whereas we plan to investigate constraints on a
circumbinary PPD quantities in the presence of winds
driven by external radiation field such as ambient stars
which is a dominant evaporative agent in the disks with
a solar-mass host star according to AAC2013. However,
we also provide a comparative study by including pho-
toevaporation due to the internal and external radiation
sources. We perform a detailed parameter study over a
broad range of the model parameters and a comparison
is made between the obtained results and the observed
properties of some circumbinary disks.
In section 2, we present basic equations which are gen-
eralized forms of the standard disk model to include the
binary torque and the photoevaporative wind mass-loss.
In section 3, we investigate the evolution of the photoe-
vaporative circumbinary PPDs corresponding to various
sets of the model parameters. We then compare the ob-
tained results with some of the observed circumbinary
PPDs in section 4. Finally, we discuss the model and
summarize our main findings in section 5.
2. BASIC EQUATIONS
A circumbinary PPD is modeled as a thin disk with
a binary system at its center. The orbital plane of the
binary with the primary and secondary masses Mp and
Ms and the semimajor axis ab is assumed to be coplanar
with the disk. The mass ratio of the binary components is
q ≡Ms/Mp ≤ 1. Although the disk is subject to a time-
varying gravitational potential due to the binary orbital
motion, as an approximation, we assume that the disk
is rotating in the potential arising from the total mass,
i.e., Mc = Mp +Ms. Disk rotation profile, therefore, is
Keplerian with the angular velocity Ω = (GMc/r
3)1/2.
All disk quantities, furthermore, are assumed to be de-
pendent only on the radial distance r and time t.
Under these assumptions and following the stan-
dard approach for constructing a thin disk model
(Shakura & Sunyaev 1973), the surface density evolution
equation for a circumbinary disk in the presence of the
wind mass-loss is
∂Σ
∂t
=
1
r
∂
∂r
[
3r1/2
∂
∂r
(
νΣr1/2
)
−
2ΛΣ
Ω
]
− Σ˙w, (1)
where ν is the turbulent viscosity and Λ is the specific
angular momentum injection rate by the binary. The
rate of the wind mass-loss is denoted by Σ˙w. When the
angular momentum injection rate is set to zero and the
wind mass-loss is neglected, the equation (1) above re-
duces to the surface density evolution equation for a disk
surrounding a single star. In the presence of the wind,
i.e. Σ˙w 6= 0, the equation (1) describes evolution of a
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single star disk with wind mass-loss. Our focus, instead,
is to explore the evolution of a circumbinary disk subject
to the evaporative winds. In doing so, we have to specify
three important quantities.
Disk turbulence, however, is thought to be driven by
the fluid instabilities, including magnetorotational in-
stability (MRI; Balbus & Hawley 1991) or gravitational
instability (for a recent review, e.g., Kratter & Lodato
2016) depending upon the disk properties. While a PPD
inner region is subject to MRI as the main source of the
turbulence, the outer part of a massive enough PPD is
gravitationally unstable. Therefore, the first key quan-
tity is the turbulent viscosity ν where its functional de-
pendence on the disk quantities is defined in an ad-hoc
fashion within the framework of the standard disk model
(Shakura & Sunyaev 1973). Although describing turbu-
lence in terms of an effective viscosity is a primitive ap-
proach due to the non-linear and chaotic nature of this
complex phenomenon, in the standard thin disk model
all these complexities are simplified when the azimuthal-
radial component of the stress tensor is assumed to be
proportional to the pressure. This approach leads to a
commonly used relation for the turbulent viscosity, i.e.
ν = αc2s/Ω, where α < 1 and cs are the viscosity param-
eter and the sound speed, respectively. The sound speed
is written in terms of the disk midplane temperature T ,
i.e. cs =
√
kBT/µ where kB is the Boltzmann constant
and µ = 2.1 mH is the mean molecular weight and mH is
hydrogen mass.
Our adopted viscosity prescription depends on the disk
temperature and the radial distance. Thus, we do need
another relation to close set of the model equations. En-
ergy balance equation is adequate for that purpose, how-
ever, we can instead prescribe disk temperature as a
power-law function of the radial distance, i.e.
T = 300
( r
1AU
)−s
K, (2)
where the temperature exponent is 0 < s ≤ 1. When
the energy budget of a disk is dominated by the stellar
irradiation instead of the viscous heating, the tempera-
ture exponent becomes s = 1/2 (e.g., Frank et al. 2002)
which is our standard value. But we will explore the role
of this exponent on the evolution of the circumbinary
disks by considering different values for it (see Figure 5).
The second key quantity is the rate of angular momen-
tum injection by the binary to the disk which is denoted
by Λ(cm2s−2) in equation (1). Although the angular
momentum injection is restricted to a narrow annulus in
the inner region of a disk and it rapidly decreases with
the distance, this process is able to affect global struc-
ture of a disk. If the mass ratio q is not very small,
the binary torque is able to clear out a cavity in the
disk center where its size depends on the binary separa-
Table 1: List of important quantities in this article.
Parameter Symbol
Disk Parameters
viscosity parameter α
disk midplane temperature T
mean molecular weight µ
temperature exponent s
Binary Parameters
primary mass Mp
secondary mass Ms
total mass Mc
mass ratio q
semimajor axis ab
binary torque coefficient f
Wind Parameters
flux level G0
gas number density nd
critical radius rg
heated gas temperature Tph
tion (MacFadyen & Milosavljevic´ 2008) and eccentricity
(Pelupessy & Portegies Zwart 2013). The binary tidal
torque is approximated as (Armitage & Natarajan 2002)
Λ(r) = sgn(r − ab)
fq2GMc
2r
(
ab
∆p
)4, (3)
where f is a dimensionless normalization factor. Fur-
thermore, ∆p is defined by ∆p = max(H, r − ab) where
H = cs/Ω is the disk scale height. In the literature,
different values for f in a range between 0.001 and 1
have been considered (e.g., Armitage & Natarajan 2002;
Alexander 2012; Martin et al. 2013). In the case of cir-
cumbinary PPDs, for instance, Alexander (2012) and
Martin et al. (2013) assumed that f = 1, but VGR2016
adopted a much lower value, i.e., f = 0.001. We, how-
ever, note that the binary torque relation in VGR2016
is different from our equation (3) which has been imple-
mented in most prior works. In modeling disks around
supermassive binary black holes, on the other hand,
Armitage & Natarajan (2002) proposed that f = 0.01.
We adopt f = 1 as our standard value; however, other
values within the reported range will be considered to
explore role of this parameter in evolution of the photo-
evaporative circumbinary PPDs (see Figure 8). We note
that the binary torque equation (3) is not quite appropri-
ate for the binaries with nearly equal-mass components.
Using this relation in our model, however, is justified by
4its simplicity and large uncertainties in other model pa-
rameters (see also section 3 in Vartanyan et al. 2016).
The third key quantity is the wind mass-loss rate,
i.e., Σ˙w. Its mechanism is commonly attributed to the
magnetically or photoevaporative mechanisms. When a
disk is exposed to a strong radiation field, this photo-
evaporative process leads to a significant disk mass re-
moval. Source of radiation, however, is either the host
star or ambient radiation field. When the photoevapora-
tive wind is driven by the host star radiation, the mass-
loss rate is parameterized as follows (Hollenbach et al.
1994)
Σ˙w =
M˙wind
4pirc2
(
r
rc
)−5/2, r ≥ rc (4)
where M˙wind is the integrated mass-loss rate. For X-ray
photoevaporation, we can adopt these values: M˙wind =
1.0 × 10−8 M⊙yr
−1 and rc = 5 AU (Owen et al. 2010b,
2011b).
Following models of Adams et al. (2004) and
AAC2013, the mass-loss rate due to FUV photoe-
vaporation by the external stars is written as
Σ˙w =
Cnd
√
kBTphµ
4pi
(rg
r
) 3
2
[
1 +
rg
r
]
exp
(
−
rg
2r
)
, (5)
where C is a constant of order unity and nd ≈ 10
3 −
108cm−3 is the gas number density at the disk outer edge
(Adams et al. 2004). The critical radius rg is defined as
a radial distance where the sound speed is comparable to
the escape velocity and Tph is the heated gas temperature
at the critical radius. Although location of rg strongly
depends on the radiation field flux, we have an analytical
relation for the critical radius (Adams et al. 2004),
rg =
GMcµ
kBTph
≈ 226AU(
Mc
M⊙
)(
Tph
1000K
)−1. (6)
According to detailed models (Adams et al. 2004), the
critical radius becomes rg = 157 AU when a disk is ex-
posed to FUV flux level G0 = 3000. Note that typi-
cal flux level in the interstellar medium corresponds to
G0 = 1. The critical radius rg = 157 AU corresponds
to heated gas temperature Tph ≈ 1440K and the number
density nd ≈ 10
6cm−3. In our analysis, these values are
adopted as canonical values unless otherwise is stated. In
Table 1 we list our model quantities and their symbols.
3. ANALYSIS
We solve the surface density evolution equation (1)
subject to the boundary conditions (BCs) implemented
by VGR2016 and AAC2013 (see Eqs. (8) and (9)).
An implicit finite difference method is adopted that are
distributed logarithmically. A large outer boundary is
adopted, i.e. rout = 20000 AU to ensure that the solu-
tions are independent of the outer edge. The inner edge
rin of a circumbinary disk, however, is chosen depending
on semimajor axis ab. We also verified that our solu-
tions are consistent with previous studies AAC2013 and
VGR2016.
Following most previous studies (e.g., Alexander 2012;
Martin et al. 2013), the initial surface density distribu-
tion within the range rin < r < rd0 is given by an expo-
nentially truncated profile (e.g., Lynden-Bell & Pringle
1974)
Σ(r, 0) =
Md0
2pi
[
exp(− rinrd0 )− e
−1
]
rd0r
exp(−r/rd0), (7)
and Σ(r, 0) = 0 for r < rin or r > rd0. Here, rd0 and
Md0 are the initial radius and mass of the disk, respec-
tively. The initial disk mass is set to Md0 = 0.1 Mc to
focus on exploring role of the other model parameters.
Furthermore, the initial disk size is rd0 = 30 AU. Note
that our adopted initial surface density distribution (7)
is slightly different from Alexander (2012) to ensure that
the initial disk mass is Md0 = 0.1 Mc. But the initial
surface density of Alexander (2012) corresponds to the
disks with a smaller initial mass and thereby a shorter
lifetime.
VGR2016 introduced the following BCs for the circum-
stellar disks:
∂FJ
∂l
|rin =
FJ (rin)
lin
,
∂FJ
∂l
|rout = 0, (8)
where the viscous angular momentum flux FJ is defined
as FJ = 3piνΣl and l = Ωr
2 is the specific angular mo-
mentum. Note that AAC2013 used the standard BCs,
where the surface density tends to zero at the inner
edge and the disk can expand freely at the outer radius.
We note that binary torque at the inner edge reduces
the accretion rate. Nevertheless, the adopted BCs by
Martin et al. (2013) in a circumbinary PPD can be writ-
ten as
Σ(r, t)rin = 0,
∂FJ
∂l
|rout = 0. (9)
The profile of FJ in a circumstellar disk rapidly converges
to r1/2, whereas in a circumbinary disk FJ tends to a
flat distribution due to the exerted binary torque at the
inner edge. This interesting feature, however, was found
in the absence of the winds (VGR2016). Whether or not
this feature is preserved in a circumbinary disk with the
photoevaporative winds is examined in Figure 2.
To illustrate differences in a circumstellar disc evo-
lution subject to the BCs adopted by AAC2013 and
VGR2015, we first perform evolutionary calculations for
the circumstellar disks using these BCs. Figure 1 dis-
plays quantities of a circumstellar disk exposed to exter-
nal FUV radiation field with the BCs used by VGR2016
(solid curves) and AAC2013 (dashed curves). In this fig-
ure, we adopt rin = 0.05 AU and use a logarithmically
spaced radial grid with 258 cells. The host star mass
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Figure 1: On the top left-hand panel, the surface density profile of a circumstellar disk with winds driven by external
FUV radiation is shown at different times, as labeled. The solid and dashed curves correspond to the solutions with
the BCs of VGR2016 and AAC2013, respectively. The initial surface density distribution is shown by a dotted curve.
The adopted input parameters are s = 1/2, α = 0.01, rin = 0.05 AU. On the top right-hand panel, disk radius as a
function of time is shown. On the bottom row, profiles of the disk mass (left) and evolutionary track in the plane of
disk mass and radius (right) are shown for the presented solutions.
is fixed at 1 M⊙. The initial disk mass and radius are
Md0 = 0.1M⊙ and rd0 = 30 AU, respectively. Other
model parameters are s = 1/2, α = 0.01, G0 = 3000,
rg = 157 AU, and nd = 10
6cm−3. Evolution of the disk
surface density at different times, as labeled, is shown
on the top left-hand panel of this figure. The initial sur-
face density distribution is shown by a dotted curve too.
The surface density with the BCs used by VGR2016 is
slightly larger than the surface density subject to the
BCs implemented by AAC2013.
To explore evolution of the disk size, inspired by
AAC2013, we define disk radius rd as a radius where
the enclosed disk mass Menc is a given fraction χ, say
0.99, of the total disk mass Md. Thus, we have
Menc(rd, t) = χMd(t). (10)
With a lower χ, a disk has a smaller size, however,
AAC2013 showed that evolution of the disk radius rd
does not depend on the adopted fraction χ. We, there-
fore, define a disk radius with χ = 0.99. On the top
right-hand panel of Figure 1, disk radius evolution is
shown. The disk size gradually increases due to the vis-
cous stress, however, the evaporative wind is very effi-
cient in mass removal in the outer region. Therefore,
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Figure 2: Profiles of the surface density (left) and the viscous angular momentum flux (right) for a circumbinary disk
at different times, as labeled. The circumbinary disk evolution with winds are displayed by solid curves, whereas
solutions without winds are shown by dashed curves. Masses of the primary and secondary stars are Mp =Ms = 0.5
M⊙ and their separation is taken to be ab = 0.2 AU. Other model parameters are s = 1/2, f = 1, α = 0.01, G0 = 3000,
rg = 157 AU, and nd = 10
6cm−3.
disk shrinking is started after about 105 years due to the
photoevaporative wind. On the bottom left-hand panel
of Figure 1, disk mass as a function of time is shown.
While the total mass of the disk does not show a no-
ticeable reduction at early phases of the disk evolution,
photoevaporative wind eventually becomes effective in
mass removal from the disk. We note that disk mass
profile is a decreasing function of the time irrespective
of the disk size. We now define disk lifetime as a time
period that total disk mass reduces to one percent of its
initial mass. In the light of this definition, disk lifetime
is about 0.6 Myr irrespective of the adopted BCs. We
also find that profiles of the disk mass and radius are
almost independent of the imposed BCs. On the bottom
right-hand panel of Figure 1, evolutionary track in the
plane of disk mass and radius are shown.
Figure 2 depicts the surface density distribution (left)
and the corresponding FJ profile (right) for a circumbi-
nary disk with photoevaporative wind due to external
FUV radiation (solid curve) and without wind (dashed
curve). Different colors correspond to different epochs,
as labeled. The binary mass ratio is q = 1 and its to-
tal mass is Mc = 1 M⊙. The binary separation is as-
sumed to be ab = 0.2 AU and the inner edge is taken
to be rin ≃ 5ab = 1.0 AU. Other model parameters
are α = 0.01, G0 = 3000, rg = 157 AU, f = 1.0,
nd = 10
6cm−3 and s = 1/2. Although reduction of the
surface density with time is due to the viscous stress,
this reduction is more significant when photoevaporative
wind induced by the external radiation source is consid-
ered. Disk spreading in the absence of the wind is more
evident, however, photoevaporative winds strongly de-
plete outer regions and create a sharp outer edge. As
time proceeds, surface density reduction in the case with
a wind becomes more significant in comparison to the
no-wind solution. We also find that the angular momen-
tum flux of a circumbinary disk is more or less a flat
distribution irrespective of the wind presence.
Figure 3 provides a comparison between physical quan-
tities of a circumbinary disk (solid curve) and a circum-
stellar disk counterpart (dashed curve) in the presence of
winds induced by external FUV radiation field with the
flux level G0 = 3000. An equal-mass binary with sepa-
ration ab = 0.2 AU and the total mass Mc = 1.0 M⊙ is
considered. In the case of a circumstellar analogous, a
single solar mass star at the disk center is considered and
the adopted BC is VGR2016. As before, the temperature
exponent, torque parameter and viscosity coefficient are
s = 1/2, f = 1.0 and α = 0.01, respectively. The initial
surface density distribution is given by equation (7) and
its evolution for different times, as marked, is shown in
the top left-hand panel of Figure 3. During the early
phase of the evolution, disk surface density in its outer
part does not change, however, the accretion from this
region gradually piles up in the inner region due to the
binary torque. This accumulated mass, thereby, is trans-
ferred outward where the photoevaporative wind plays a
crucial role in mass removal. The circumbinary disk, for
instance, evolves over 0.5 Myr with a surface density by
up to a factor of 10 larger than a circumstellar disk anal-
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Figure 3: Physical quantities of a circumbinary disk (solid curves) and an identical single-star disk (dashed curves).
The mass-loss is driven by external FUV radiation field. The total mass of the binary isMc = 1 M⊙ and the separation
of its components is assumed to be ab = 0.2 AU. Other model parameters are s = 1/2, q = 1.0, f = 1.0, α = 0.01,
G0 = 3000, and rg = 157 AU. On the top left-hand panel, surface density distribution is shown at different epochs, as
labeled. On the top right-hand panel, disk radius is shown through time. On the middle left-hand panel, disk mass as
a function of time is shown. On the middle right-hand panel, the locus of points in the plane of disk mass and radius
corresponding to the explored cases are shown. The accretion rate as a function of the radial distance (the left-hand
panel) and of time (the right-hand panel) are shown on the bottom panels. Note that positive values of the accretion
rate correspond to the radial motion of the gas toward the central object.
8ogous. During about one million years, the circumstellar
disk is cleared entirely, whereas the circumbinary gas disk
is still present. This trend is a direct consequence of the
binary torque that leads to gas pileup in the innermost
region and viscous spreading of the accumulated gas.
The top right-hand panel of Figure 3 plots disk radius
versus time. As before, the disk radius is defined using
equation (10). Disk radius increases at early times no
matter a binary or a single star resides at the disk center.
As time proceeds, however, further growth of the disk
size is prevented due to the efficient mass removal by the
photoevaporative winds. Thereafter, disk radius rapidly
decreases with time. The circumbinary disk extends to
the maximum size 156 AU in about 0.3 Myr, whereas the
maximum size of a similar circumstellar disk is 141 AU
during 0.2 Myr.
On the middle left-hand panel, disk mass as a function
of time is shown. It is a decreasing function of time ir-
respective of the disk size and the existence of a binary
or a single star at the center. Photoevaporative wind as
a mass-loss mechanism leads to this obvious feature. We
have already defined a disk lifetime as the time by which
disk losses 99 percent of its initial mass. We, therefore,
find that the circumbinary disk survives over about 1.2
Myr which is by a factor of two longer than a circum-
stellar disk counterpart. In other words, circumstellar
disk mass declines faster compared to the circumbinary
case. Corresponding tracks in the plane of disk mass and
radius are also shown in the middle right-hand panel of
Figure 3.
On the bottom left-hand panel of Figure 3, the accre-
tion rate versus the radial distance is shown for different
times, as labeled. Note that for the mass inflow toward
the center of the system, the accretion rate is positive.
The solid curve corresponds to the circumbinary case,
whereas dashed curves represent an identical single-star
disk. There is always mass inflow at the inner regions in
both circumstellar and circumbinary disks, however, the
accretion rate at the inner edge of a circumbinary disk
tends to zero due to the binary torque. But in the cir-
cumstellar case, the mass accretion rate at the inner edge
is significant. We generally find that the accretion rate in
the circumbinary disk is smaller than that in the circum-
stellar case. Beyond a certain radial distance, however,
there is mass flow toward outer disk edge. Size of the
region with mass inflow toward the center of system is
smaller in the circumbinary case in comparison to the
circumstellar disk. As time proceeds, therefore, a cir-
cumstellar disk quickly losses its mass because of its high
accretion rate onto the central star and relatively small
amount of mass is lost due to the wind mass removal
in the outer region. In contrast, accretion rate onto the
binary is suppressed due to the binary torque and the
mass pileup is transfered to the outer region where pho-
toevaporative winds are efficient and hence disk lifetime
is determined by the mass-loss rate in this region. On
the bottom right-hand panel, we display evolution of the
accretion rate at several different locations in the disk,
as labeled. It also shows that the accretion rate at a
given radial distance, say 5 AU, is strongly suppressed in
the circumbinary disks in comparison to the circumstel-
lar disks. At large radial distance, however, there is mass
flow toward outer disk edge and a negligible discrepancy
between the mass accretion rate in the circumstellar and
circumbinary disks is found due to weakness of the binary
torque.
Spreading of the disk due to the viscous torque occurs
over the viscous timescale which depends on the viscos-
ity parameter α. In Figure 4, we explore the role of
the viscosity coefficient in the evolution of a circumbi-
nary disk (solid curve) and a circumstellar disk coun-
terpart (dashed curve) by considering different values of
this parameter within the interval 0.005 ≤ α ≤ 0.1, as
labeled. We consider an equal mass binary with the total
mass Mc = 1 M⊙ and the rest of model parameters are
G0 = 3000, ab = 0.2 AU, and q = f = 1.0. On the top
panel, disk mass as a function of time is shown. We find
that disk lifetime strongly depends on the adopted vis-
cosity coefficient. A disk can survive over a longer time
period if a lower viscosity coefficient is considered. A
key feature of the viscous disk evolution is its extension
to the larger radii due to the angular momentum trans-
port. A higher viscosity coefficient, therefore, leads to
a faster redistribution disk material. Photoevaporative
winds, on the other hand, are more efficient in the disk
outer regions. Mass removal, therefore, in a disk with a
large viscosity coefficient is more efficient, which leads to
the disk dispersal over a shorter time. Disk mass evo-
lution in the circumbinary and circumstellar cases with
a large viscosity coefficient, say α = 0.1, does not seem
to be different. As the viscosity tends to the lower val-
ues, however, a discrepancy between the temporal evo-
lution of the total disk mass in the circumbinary and
circumstellar cases becomes more pronounced. In the
cases with α = 0.01, for instance, the lifetime of a cir-
cumbinary PPD is about 1.2 Myr, whereas a circumstel-
lar disk counterpart is dispersed over a shorter time, i.e.
0.6 Myr. Note that AAC2013 obtained a shorter life-
time for a single star disk with α = 0.01 and G0 = 3000,
i.e. about 0.2 Myr. This discrepancy is probably due to
adopting different model parameters. We find that for
α = 0.1, lifetimes of the circumbinary and circumstellar
PPDs are about 0.15 Myr. A comparison between cases
with α = 0.1 and 0.01 shows that a circumbinary PPD
lifetime is enhanced by a factor of eight, whereas in the
circumstellar case this lifetime enhancement is about a
factor of four. We, therefore, find that α−dependence
of the disk lifetime in the circumbinary case is stronger
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Figure 4: The disk mass (top), its radius (middle) and
the corresponding track in the disk mass and radius plane
(bottom) are shown for different values of the viscosity
parameter, as labeled. The input parameters are s =
1/2, ab = 0.2 AU, q = 1.0, f = 1.0, and G0 = 3000. The
solid and dashed curves correspond to the circumbinary
disk and a similar circumstellar disk, respectively.
than the circumstellar case.
The middle panel of Figure 4 shows the temporal evo-
lution of the disk radius for different values of the vis-
cosity coefficient, as labeled. A disk extends out at the
early phase of its evolution to reach the largest size where
subsequent rapid disk shrinking is started due to the pho-
toevaporative wind. However, the maximum attainable
disk size reduces with the viscosity coefficient. A cir-
cumbinary disk, for instance, can spread out with time
to about 400 AU for α = 0.1, whereas the maximum
disk size is about 150 AU for α = 0.01. A similar trend
is found for the circumstellar disks too. In the bottom
panel of Figure 4, the corresponding tracks in the disk
mass and radius plane are shown for different viscosity
parameters.
The other key model parameter is the temperature ex-
ponent s where its role in the evolution of the circumbi-
nary and circumstellar PPDs is examined in Figure 5.
All model parameters are similar to Figure 4, except the
temperature exponent with different values, as labeled.
In Figure 5, the viscosity parameter is 0.01. We can infer
disk lifetime from the top panel which shows disk mass
evolution. When the temperature exponent is s = 1.0,
lifetimes of the circumbinary and circumstellar PPDs are
found about 2.7 Myr and 1.5 Myr, respectively. But
these lifetimes are reduced to 0.75 Myr and 0.35 Myr for
s = 0.25. It shows that disk lifetime increases as the tem-
perature distribution becomes steeper. This behavior is
understood in terms of the viscosity which controls disk
spreading rate. Since viscosity in the α−model is directly
proportional to the disk temperature, it becomes a steep
function of the radial distance and tends to low values
when the temperature distribution is steep. We have al-
ready found that disk spreading due to the viscous torque
is slower in the case with a low viscosity which leads to
an enhancement of the disk lifetime.
The middle panel of Figure 5 exhibits disk size evo-
lution with time for different temperature exponents, as
labeled. While a circumbinary disk with s = 1.0 attains
a maximum size 90 AU during 2.7 Myr, for s = 0.25 the
disk reaches to the largest size 210 AU during 0.75 Myr.
Therefore, the maximum size of a circumbinary disk is
larger as the temperature exponent decreases. We also
find a similar trend for the circumstellar disks. For a
given s, however, the maximum size of a circumbinary
disk is found slightly larger than a similar circumstellar
disk. The bottom panel of Figure 5 displays correspond-
ing tracks in the plane of the disk mass and radius for
different values of the temperature exponent.
In Figure 6, we explore the influence of FUV flux level
G0 in the evolution of the disk mass (top), disk size (mid-
dle) and the corresponding tracks in the disk mass and
radius plane (bottom) for disks with the viscosity param-
eter α = 0.01. We suppose that the flux level can vary
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Figure 5: Similar to Figure 4, but for α = 0.01 and dif-
ferent values of the temperature exponent s, as labeled.
The solid and dashed curves correspond to a circumbi-
nary disk and a similar circumstellar disk, respectively.
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Figure 6: Similar to Figure 4, but for α = 0.01 and dif-
ferent values of G0, as labeled. The solid and dashed
curves correspond to a circumbinary disk and a similar
circumstellar disk, respectively.
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Figure 7: The circumbinary disk mass (top), its radius
(middle) and the corresponding track in the disk mass
and radius plane (bottom) are shown for different values
of the binary mass ratio, as labeled. As before, the binary
total mass is Mc = 1.0 M⊙ and the other model param-
eters are f = 1.0, ab = 0.2 AU, G0 = 3000, s = 1/2, and
α = 0.01.
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Figure 8: Similar to Figure 7, but for equal-mass binaries
and different values of the binary torque coefficient f , as
labeled.
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Figure 9: Similar to Figure 7, but for equal-mass binaries
and different values of the semimajor axis ab, as labeled.
from 300 to 30000 and the other parameters are adopted
similar to Figure 4. The solid and dashed curves corre-
spond to the circumbinary and circumstellar disks, re-
spectively. If we assume that G0 = 30000, the critical
radius becomes rg = 90 AU and the equation 6 yields
Tph = 2510 K which is associated to nd = 10
7cm−3
(Adams et al. 2004). For a radiation field strength G0 =
300, we find that rg = 357 AU and Tph = 633 K. This
value of Tph corresponds to nd = 10
3cm−3. Note that
for the flux level G0 = 3000 we have rg = 157 AU,
Tph = 1440 K, and nd = 10
6cm−3. We find that the
lifetimes of circumbinary disks exposed to FUV flux level
G0 = 30000 is about 0.42 Myr, whereas the circumstel-
lar disk subject to the same FUV flux level can survive
over 0.25 Myr. For FUV flux level G0 = 300, the life-
time of circumstellar disk is about 9.4 Myr, whereas, the
circumbinary disks exposed to FUV flux level G0 = 300
are not dispersed after 10 Myr. Therefore, the photoe-
vaporative wind due to FUV flux level G0 = 300 is not
efficient mass removal mechanism. Furthermore, size of
the circumbinary disks in the presence of winds with flux
level G0 = 30000 does not exceed 70 AU, but when the
external FUV flux level is reduced to G0 = 300, disk size
may extend to several thousand AU.
Figure 7 shows the role of the mass ratio q in the evo-
lution of the disk mass (top), disk size (middle) and the
corresponding tracks in the disk mass and radius plane
(bottom). The total binary mass is fixed at Mc = 1.0
M⊙ and the temperature exponent is s = 1/2, but differ-
ent mass ratios are considered, as labeled. Other model
parameters are similar to Figure 5. We find that evo-
lution of a disk with a high binary mass ratio is slower
because the binary torque which causes mass pileup in
the innermost region is directly proportional to the mass
ratio. While a circumbinary disk with an extreme mass
ration q = 1.0 survives over 1.2 Myr, a similar disk with
a smaller mass ratio q = 0.1 is depleted during about 0.5
Myr.
In our adopted relation for the binary torque, i.e. Eq.
(3), the parameter f with a value from 0.001 to 1 was
introduced. We now examine to what extent our solu-
tions are dependent on the adopted value of the binary
torque coefficient f . Figure 8 shows disk mass (top), ra-
dius (middle) and the corresponding tracks in the disk
mass and radius plane (bottom) for Mc = 1.0 M⊙ and
q = 1.0 and different values of the binary torque coef-
ficient f , as labeled. As the parameter f reduces, the
binary torque becomes weaker and disk dispersal hap-
pens during a shorter time. For instance, the lifetime of
a disk with f = 1.0 is 1.2 Myr, whereas, for f = 0.1, the
disk lifetime reduces to about 0.52 Myr.
The effect of the semimajor axis in the evolution of the
disks around an equal-mass binary is explored in Figure
9. In this figure, the semimajor axis ab is assumed to
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be 0.2 AU, 1.0 AU, and 5.0 AU, as labeled. Note that,
for example, the binary systems of AK Sco, DQ Tau,
and GG Tau Ab have the semimajor axis of order 0.16
AU (Alencar et al. 2003), 0.13 AU (Czekala et al. 2016),
and 4.5 AU (Di Folco et al. 2014), respectively. Since we
have supposed that the inner radius is 5ab and the initial
disk size is 30 AU, we cannot consider larger values of ab.
Other model parameters are similar to Figure 7. We find
that circumbinary disks with ab = 1.0 AU have a lifetime
of order 1.1 Myr slightly shorter than the lifetime of cir-
cumbinary disks with ab = 0.2 AU. When the semimajor
axis is assumed to be 5.0 AU, disk lifetime decreases by a
factor of 2 compared to disk with ab = 0.2 AU, i.e., 0.62
Myr. At this time, such a disk with ab = 5 AU shrinks
to radii rd ≤ 100 AU. However, the disks with ab = 0.2
AU and ab = 1.0 AU shrink to rd ≤ 19 AU and rd ≤ 33
AU, respectively. The disk with ab = 5.0 AU may ex-
tend to 233 AU, whereas the maximum size of a disk with
ab = 0.2 AU is about 156 AU. These trends are under-
standable in terms of the binary torque scaling with the
semimajor axis. The binary torque equation (3) shows
that the torque becomes weaker and the resulting mass
pileup becomes less significant with increasing the semi-
major axis. Viscous disk spreading, on the other hand, is
still efficient in extending the disk size to regions where
mass-loss rate by phtoevaporative winds is large. In a
circumbinary disk with a large semimajor axis, therefore,
mass removal by winds becomes more efficient in com-
parison to a similar disk with a small semimajor axis. It
then reduces disk lifetime with increasing the semimajor
axis.
The source of photoevaporative radiation, as men-
tioned before, can be either the host star or ambient
stars. We have so far incorporated external FUV photo-
evaporation with the mass removal rate parameterized by
equation (5) (Adams et al. 2004). We can now explore
the relative importance of the photoevaporative winds
driven by the host star and the external FUV radiation
fields. Equation (4) gives photoevaporative rate due to
the host star X-ray radiation (Hollenbach et al. 1994).
Figure 10 provides this comparison by considering disks
with external FUV photoevaporative winds (solid curve)
and photoevaporative winds due to the host star X-ray
radiation (dashed curve). The model parameters in ei-
ther of these two cases are Mc = 1.0 M⊙, q = 1.0,
f = 1.0, ab = 0.2 AU, s = 1/2 and α = 0.01. The
evolution of the disk surface density at different times,
as labeled, is shown in the top left-hand panel of this
figure.
Mass removal by the externally FUV radiation induced
wind affects outer disk region even at the early times,
whereas this effect is not efficient in the disk with wind
driven by the host star X-ray radiation. As time pro-
ceeds, however, the effect of the wind mass-loss grad-
ually appears at smaller radii. On the top right-hand
panel, disk radius is shown for the explored cases. The
disk radius gradually increases in a case with external
FUV radiation driven wind to reach a maximum size
where this trend is suppressed due to the efficient mass
removal. In the case of wind driven by the host star X-
ray radiation, however, mass-loss is not strong enough
to stop the viscous spreading of the disk. This behav-
ior implies that winds driven by external FUV radiation
are more efficient in the disk dispersal in comparison to
a similar disk subject to the radiation field of the host
star. This trend, however, has already been found by
AAC2013 in the case of the single star disks. We now
find that it also persists in the case of circumbinary disks.
On the bottom row, the evolution of the disk mass (left)
and the corresponding tracks in the plane of disk mass
and radius (right) are shown. Disk dispersal in the case
with external FUV radiation driven winds happens on a
timescale by a factor of about 10 shorter than a similar
disk with winds driven by host star X-ray radiation. We
also note that Alexander (2012) who studied circumbi-
nary disk evolution with winds driven by the host star
radiation found a reduction in the disk lifetime. We,
however, think that the reduction factor is overestimated
due to the inconsistency between the implemented initial
surface density and the reported initial disk mass. Fur-
thermore, Alexander (2012) considered binaries with the
larger separations that may affect disk lifetime.
4. ASTROPHYSICAL IMPLICATIONS
In this section, we provide a comparison between the
observed circumbinary disk mass and radius and our the-
oretical tracks in the mass and radius plane. In Table
2, characteristics of a few binary systems and their as-
sociated circumbinary disks where to reside in different
star forming regions are presented. In cluster with a suf-
ficient number of stars, there are several O or B stars
which can radiate FUV photons. For example, AK Sco
resides in the upper CentaurusLupus star forming region
which is a subgroup of the ScorpiusCentaurus associa-
tion (Andersen et al. 1989). This association is the near-
est OB association to us and contains several OB stars
(Blaauw 1946, 1964). Therefore, we can expect that cir-
cumbinary disks residing in this region are affected by
the external FUV radiation driven winds.
All the model parameters cannot be constrained by
the observational data, however, we can assume that the
total binary mass is 1 or 2 solar mass because the mass
of the observed binaries lies in this range. We neglect
induced photoevaporative winds by the host stars and
the external wind parameters are adopted as before. The
initial disk total mass, as before, is assumed to beMd0 =
0.1Mc.
Figures 11, 12, and 13 show theoretical tracks in the
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Figure 10: On the top left-hand panel, the surface density profile of a disk orbiting an equal-mass binary with a
total mass Mc = 1 M⊙ is shown for different times, as labeled. The solid and dashed curves correspond to the cases
with external FUV radiation driven wind (G0 = 3000) and the host star X-ray driven wind, respectively. The input
parameters are f = 1.0, ab = 0.2 AU, s = 1/2 and α = 0.01. On the top right-hand panel, disk radius as a function of
time is shown. On the bottom row, profiles of the disk mass (left) and evolutionary tracks in the plane of disk mass
and radius (right) are shown for the presented solutions.
disk mass and radius for Mc = 1 M⊙ and Mc = 2 M⊙
with the observational data shown as filled circles and tri-
angles. Note that filled circles and triangles correspond
to the circumbinary disks with Mc close to 1 and 2 M⊙,
respectively. In Figure 11, we have q = f = 1.0, ab = 0.2
AU, G0 = 3000, and s = 1/2 and the corresponding evo-
lutionary tracks in the mass and radius plane are shown
for the different viscosity coefficients, as labeled. Figure
11 indicates that the viscosity coefficient is between 0.01
and 0.1 to have evolutionary tracks consistent with the
observed circumbinary disks listed in Table 2. Disk life-
time, therefore, is estimated to be in the ranges 0.14-1.2
Myr and 0.25-1.7 Myr for the total binary mass 1 M⊙
and 2 M⊙, respectively.
Figure 12 displays the role of parameters s (top panels)
and G0 (bottom panels) on the evolutionary tracks of
equal-mass binaries with f = 1.0. On the top panels, the
evolutionary tracks are shown for different values of the
temperature exponent s, as labeled. For α = 0.1 and the
temperature exponent within the range, s = 0.25 and
0.5, the evolutionary tracks are nearly consistent with
the observed values. For a lower viscosity coefficient α =
0.01, however, a reasonable agreement is achieved if the
temperature exponent lies in a range between 0.75 and
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Table 2: Properties of the binary systems and their disks.
Binary System rd[AU] Md[M⊙] Mp[M⊙] Ms[M⊙] Mc[M⊙] q(=Ms/Mp) References
AK Sco 40 0.005 1.35 1.33 2.68 0.98 (1)
DQ Tau 50 0.002-0.02 0.63 0.59 1.22 0.93 (2), (3)
FS Tau A 630 0.002 0.6 0.28 0.88 0.46 (4), (5)
GG Tau A 800 0.128 0.78 0.68 1.46 0.87 (6), (7)
GG Tau Ab 13 - 0.38 0.3 0.68 0.79 (8), (9)
HH 30 250 0.004 0.31 0.14 0.45 0.45 (10), (11)
L1165-SMM1 100 0.03 - - 0.1-0.25 - (12)
L1551 NE 300 0.043 - - 0.8 0.19 (13), (14), (15)
UY Aur 2100 1.2 - - 1.73 - (16), (17)
V4046 Sgr 350 0.09 0.9 0.85 1.75 0.94 (18), (19), (20)
UZ Tau E - 0.063 1.0 0.3 1.3 0.3 (21), (22)
Notes: Column 1: Source. Columns 2: Disk radius. Column 3: Disk mass. Column 4: Mass of primary star. Column 5: Mass
of secondary star. Column 6: Total mass of host stars. Column 7: Mass ratio.
References: (1)Alencar et al. (2003); (2)Mathieu et al. (1997); (3)Czekala et al. (2016); (4)Andrews & Williams (2005);
(5)Hioki et al. (2011); (6)Guilloteau et al. (1999); (7)White et al. (1999); (8)Di Folco et al. (2014); (9)Yang et al. (2017);
(10)Pety et al. (2006); (11)Estalella et al. (2012); (12)Tobin et al. (2013); (13)Takakuwa et al. (2012); (14)Takakuwa et al.
(2015); (15)Lim et al. (2016); (16)Duvert et al. (1998); (17)Hioki et al. (2007); (18)Rodriguez et al. (2010); (19)Rosenfeld et al.
(2012); (20)Rosenfeld et al. (2013); (21)Prato et al. (2002); (22)Jensen et al. (2007).
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Figure 11: Theoretical tracks in the disk mass and radius
plane for different values of the viscosity parameter, as
labeled. The wind parameters are as before and rest of
the input parameters are q = f = 1.0, ab = 0.2 AU
and s = 1/2. Filled circles and triangles represent the
observational data of Table 2 and correspond to the disks
with Mc close to 1 and 2 M⊙. The solid and dashed
curves correspond to the binaries with the total mass
Mc = 1.0 M⊙ and Mc = 2.0 M⊙, respectively.
1. The bottom panels illustrate the effect of flux level G0
on the evolutionary tracks. For the circumbinary disks
exposed to the radiation field with G0 = 3000, we find
that these tracks are closer to the observed binaries.
In Figure 13, we investigate how the rest of model pa-
rameters including the mass ratio q and the binary torque
coefficient f can affect theoretical tracks in the disk mass
and radius plane in comparison to the available observa-
tional data. In the left-hand panels, the binary total
mass is 1 M⊙, whereas the right-hand panels correspond
to the total mass 2 M⊙.
The top panels display a comparison between observa-
tional data and our evolutionary tracks for different val-
ues of the mass ratio q. The temperature exponent and
the binary torque coefficient are s = 1/2 and f = 1.0,
respectively. The best agreement is achieved for a model
with q = 1.0. Most of the binaries in Table 2 are
nearly equal-mass binaries with a mass ratio close to
unity. Therefore, we find that their lifetimes are within
(1−2)×106 yr for viscosity coefficient α = 0.01, and their
lifetimes are extended to (1.4 − 2.5) × 106 yr if a lower
viscosity α = 0.01 is adopted. It is worth noting that
our estimates of the lifetime depend on the binary total
mass and the initial disk mass. Finally, in the bottom
plots of Figure 13 the evolutionary tracks for different
values of the binary torque coefficient f are displayed.
Here, we have s = 1/2 and q = 1.0. If we set Mc = 1.0
M⊙, our model for f = 1.0 is in good agreement with the
observed disks, whereas for Mc = 2.0 M⊙, the agreement
is achieved for the binary torque coefficient in an interval
from 0.1 to 1.0. Therefore, our calculations suggest that
the circumbinary disks with Mc = 2.0 M⊙ can survive
during (0.9− 1.7)× 106 yr.
5. DISCUSSION
Photoevaporative winds driven by radiation of the host
stars or ambient sources are very effective in the disk
mass removal. We studied the evolution of a circumbi-
nary PPD with the induced wind due to external FUV
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Figure 12: Evolutionary tracks in the mass and radius plane for circumbinary disks with α = 0.01 (solid curve) and
α = 0.1 (dashed curve) along with the observational data of Table 2. The left-hand panels display evolutionary tracks
for Mc = 1.0 M⊙, whereas in the right-hand panels the binary total mass is Mc = 2.0 M⊙. On the top panels, the
evolutionary tracks of the circumbinary disks are shown for different values of s, as labeled. Role of the parameter G0
in the evolutionary tracks is shown in the bottom panels.
radiation field. Therefore, an obvious feature is the emer-
gence of a shrinking outer radius, which leads to the disk
dispersal via outside-in clearing. A circumbinary PPD
evolution is found to be significantly dominated by the bi-
nary torque, however, its viscous spreading is suppressed
by the photoevaporative winds which control the disk
clearing. Although the significance of the binary torque
is restricted to the innermost region, the resulting mass
pileup in this region and its subsequent viscous spreading
would influence disk structure entirely.
We implemented simplifying assumptions to focus on
the main aspects of the circumbinary PPDs evolution
in the presence of winds. For example, energy balance
through the disk has not been included. We thus used
a power-law function of the radial distance for the disk
temperature distribution. The exponent of this profile
is a model parameter that controls the steepness of the
disk temperature. We found that lifetimes of the cir-
cumbinary PPDs increase as the disk temperature be-
comes steeper. However, a single temperature exponent
is not adequate to describe temperature profile through
the disk because there are different heating sources that
we did not consider. While viscous heating is a domi-
nant heating mechanism in the innermost regions, stel-
lar irradiation becomes a dominant heating source in the
outer disk parts. Although implementing a more real-
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Figure 13: Similar to Figure 12, but for s = 1/2 and G0 = 3000 and different values of binary parameters. Role of the
parameters q and f in the evolutionary tracks is illustrated in the top and bottom panels, respectively.
istic model with the energy equation and the associated
heating and cooling mechanisms are needed for obtaining
disk temperature self-consistently, our main conclusions
do not change because we explored disk properties for a
broad range of the temperature exponent. As we men-
tioned earlier, the binary torque strongly suppress the
mass accretion rate at the disk inner edge which leads
to the mass pileup.Some amount of accretion may still
proceed at the inner edge, however, its rate strongly de-
pends on the binary torque and disk turbulence that are
not well constrained. Since this effect has already been
implemented by Alexander (2012), we did not incorpo-
rate it in our analysis and our focus was instead an ex-
treme situation with negligible mass accretion rate at
the inner edge. Nevertheless, we did some disk evolu-
tion calculations and found that, for instance, when the
accretion rate near to the inner edge is allowed to be en-
hanced by about 10 percent, disk lifetime reduces around
10 percent. This effect does not change our main results
significantly.
Although the disk turbulence is commonly believed to
be driven by MRI, detailed models that include ioniza-
tion sources show that MRI can not operate in the en-
tire disk and a ”dead zone” is created at intermediate
radial distances where is shielded from ionizing radia-
tion (Gammie 1996). In PPDs which contain dead-zones,
therefore, accretion proceeds in a layered fashion which
means that the flow of matter occurs in the outer lay-
ers surrounding the dead zones whereas in other disk
parts magnetic coupling is strong enough to trigger MRI
as the main agent of the accretion (e.g., Turner & Sano
2008; Martin et al. 2012; Dzyurkevich et al. 2013). The
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strength of turbulence in the dead zone is thought to be
weaker in comparison to the disk regions where magnet-
ically are active. In PPDs with dead-zones, we expect
the viscosity coefficient to vary with the radial distance
(e.g., Mohanty et al. 2018). Various features of PPDs in-
cluding motion of dust particles and planetesimals (e.g.,
Okuzumi & Ormel 2013; Chatterjee & Tan 2014), planet
formation and its migration are dramatically affected
in the presence of the dead zone (e.g., Faure & Nelson
2016). Therefore, determining location and size of the
dead zone in the PPDs is an important problem. Since
the dead zone with low viscosity can slow down the ac-
cretion rate, the pile-up of dust and gas occurs at the
inner dead zone boundary between magnetically active
and non-actives regions (Chatterjee & Tan 2014).
Most prior works, however, were focused on
the dead zone properties and its physical conse-
quences in single star disks (e.g., Fromang et al.
2002; Matsumura et al. 2009; Turner & Sano 2008;
Martin et al. 2012; Dzyurkevich et al. 2013). We showed
that a photoevaporative circumbinary disk evolves with a
higher surface density at a given time and radius in com-
parison to its circumstellar disk counterpart. Therefore,
ionization radiation is expected to penetrate a shorter
distance into a circumbinary disk comparing to a similar
single star disk. In other words, the penetration power
of the ionization radiation is weaker in the circumbinary
disks due to their enhanced surface density. We did not
calculate location and size of the dead zone in the pho-
toevaporative circumbinary disks, however, our findings
provide this qualitative insight that dead zones in these
systems are bigger in comparison to the similar circum-
stellar disks. The dead zone in a PPD is expected to
gradually shrink with the disk dispersal because of the
wind mass-loss. In the circumbinary disks, however, this
process can happen over a longer time because the cir-
cumbinary lifetime is longer than a similar circumstellar
disk. Therefore, dead zones in the photoevaporative cir-
cumbinary disks are larger and can survive over a longer
time in comparison to the similar single star disks.
We, however, did not quantify dead zone size and its
lifetime in the circumbinary PPDs with photoevapora-
tive winds and this problem needs to be studied further.
A bigger dead zone with a longer lifetime is expected to
dramatically affect not only grains motion through the
dead zone and their pileup at its inner edge but also other
related features including planet formation in this region.
Photoevaporative winds are generally efficient in mass
removal from the dust-free disk surface layers. However,
a dusty layer can be formed at the disk midplane due to
quick dust settling. Therefore, the disk dust-to-gas den-
sity increases in the presence of photoevaporative winds
(Carrera et al. 2017; Ercolano et al. 2017).
Instabilities in the PPDs due to the dust and
gas interaction such as the streaming instability (SI;
Youdin & Goodman 2005) and the secular gravitational
instability (SGI; Youdin 2011; Shariff & Cuzzi 2011;
Takahashi & Inutsuka 2014) are believed to seed plan-
etesimal formation. Growth rates of these instabilities
strongly depend on the dust-to-gas density ratio. This
ratio in the PPDs is estimated to be about 0.01 which
is much smaller than that required to trigger SI or SGI
efficiently. For instance, the fastest growth rate due to
SI happens when the dust-to-gas density ratio is of order
unity (Youdin 2011). Any mechanism, including mass-
loss by winds, that may enhance the dust-to-gas density
ratio is needed to promote the instabilities. We showed
that a circumbinary disk evolves with a larger surface
density in comparison to the circumstellar disk counter-
part. Since dust abundance is not affected by the wind
mass-loss, the dust-to-gas density ratio in the photoevap-
orative circumstellar disks is expected to increase more
than similar circumbinary disks. We did not quantify
this theoretical expectation because dust dynamics has
not been included in our model. We, therefore, suggest
it as a direction for future study. Recent studies have
calculated dust-to-gas density ratio in the circumstel-
lar disks with the photoevaporative winds (Carrera et al.
2017; Ercolano et al. 2017). On the other hand, disk life-
time is a severe constraint and provides an upper limit
to the growth timescale of the instabilities. Although en-
hancement of the dust-to-gas density in the circumbinary
disks is expected to be smaller than that in the similar
circumstellar disk that leads to a slower growth rate of
the instabilities, the circumbinary disks can survive on a
long time and the instabilities have more time to grow
efficiently. These theoretical expectations need to be ex-
plored further.
Our work helps clarify how winds induced by external
FUV radiation field can influence the structure of the
circumbinary PPDs. From this study, we conclude:
- Mass removal by external FUV radiation field is more
efficient than winds induces by the host star radiation.
We thus find that circumbinary PPDs where to reside in
stars associations are generally dispersed during a shorter
time in comparison to the similar circumbinary PPDs
where are in isolation. This is a conclusion in agreement
with work by AAC2013 in the case of single star disks.
- In the presence of photoevaporative winds, the cir-
cumbinary PPDs are dispersed over a time by a factor
of two or more longer than the circumstellar disks anal-
ogous.
- This lifetime enhancement happens due to mass
pileup by the binary torque at the disk innermost re-
gions.
- Lifetime dependence on the viscosity coefficient in
the circumbinary PPDs is stronger than similar single
star disks.
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- Disk lifetime increases as the radial temperature dis-
tribution becomes steeper.
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